The physical properties of the rhizosphere are strongly influenced by rootexuded mucilage, and there is increasing evidence that mucilage affects the wettability of soils on drying. We introduce a conceptual model of mucilage deposition during soil drying and its impact on soil wettability. We hypothesized that as soil dries, water menisci recede and draw mucilage toward the contact region between particles. At low mucilage contents (milligrams per gram of soil), mucilage deposits have the shape of thin filaments that are bypassed by infiltrating water. At higher contents, mucilage deposits occupy a large fraction of the pore space and make the rhizosphere hydrophobic. This hypothesis was confirmed by microscope images and contact angle measurements. We measured the initial contact angle of quartz sand (0.5-0.63-and 0.125-0.2-mm diameter), silt (36-63-mm diameter), and glass beads (0.1-0.2-mm diameter) mixed with varying amounts of chia (Salvia hispanica L.) seed mucilage (dry content range 0.2-19 mg g −1 ) using the sessile drop method. We observed a threshold-like occurrence of water repellency. At low mucilage contents, the water drop infiltrated within 300 ms. Above a critical mucilage content, the soil particle-mucilage mixture turned water repellent. The critical mucilage content decreased with increasing soil particle size. Above this critical content, mucilage deposits have the shape of hollow cylinders that occupy a large fraction of the pore space. Below the critical mucilage content, mucilage deposits have the shape of thin filaments. This study shows how the microscopic heterogeneity of mucilage distribution impacts the macroscopic wettability of mucilageembedded soil particles.
The physical properties of the rhizosphere are strongly influenced by rootexuded mucilage, and there is increasing evidence that mucilage affects the wettability of soils on drying. We introduce a conceptual model of mucilage deposition during soil drying and its impact on soil wettability. We hypothesized that as soil dries, water menisci recede and draw mucilage toward the contact region between particles. At low mucilage contents (milligrams per gram of soil), mucilage deposits have the shape of thin filaments that are bypassed by infiltrating water. At higher contents, mucilage deposits occupy a large fraction of the pore space and make the rhizosphere hydrophobic. This hypothesis was confirmed by microscope images and contact angle measurements. We measured the initial contact angle of quartz sand (0.5-0.63-and 0.125-0.2-mm diameter), silt (36-63-mm diameter) , and glass beads (0.1-0.2-mm diameter) mixed with varying amounts of chia (Salvia hispanica L.) seed mucilage (dry content range 0.2-19 mg g −1 ) using the sessile drop method. We observed a threshold-like occurrence of water repellency. At low mucilage contents, the water drop infiltrated within 300 ms. Above a critical mucilage content, the soil particle-mucilage mixture turned water repellent. The critical mucilage content decreased with increasing soil particle size. Above this critical content, mucilage deposits have the shape of hollow cylinders that occupy a large fraction of the pore space. Below the critical mucilage content, mucilage deposits have the shape of thin filaments. This study shows how the microscopic heterogeneity of mucilage distribution impacts the macroscopic wettability of mucilageembedded soil particles.
With an extent of millimeters to a few centimeters, the rhizosphere is the part of soil actively modified by root growth and exudation (Gregory, 2006; Hinsinger et al., 2009; York et al., 2016; Roose et al., 2016) . Its impact on soil hydrology might be profound, as about 40% of all terrestrial precipitation flows through the rhizosphere-plant-atmosphere continuum (Bengough, 2012) . In view of this immense flow of water, Dakora and Phillips (2002) and Sposito (2013) proposed rhizosphere research as key for the sustainable management of water resources.
One of the substances released by root tips is mucilage, a gel consisting mainly of polysaccharides and <1% lipids (Oades, 1978; Read et al., 2003) . In combination with other sources of organic matter and root hairs, plant mucilage contributes to the formation of the rhizosheath, a region of interconnected soil particles bound to the root surface (Watt et al., 1993) . The enhanced connection between roots and soil is supposed to have a major effect on microbial growth and plant nutrient uptake (Dakora and Phillips, 2002) . Furthermore, mucilage is known to alter the hydraulic properties of the rhizosphere (Young, 1995; Hallett et al., 2003; Carminati et al., 2010; Moradi et al., 2012; Carminati, 2013; Zarebanadkouki et al., 2016) . After a drying cycle, Carminati et al. (2010) found the rewetting of the rhizosphere of lupin (Lupinus albus L.) to be markedly slower than that of the adjacent bulk soil. Similar observations were made by Ahmed et al. (2016) for maize (Zea mays L.). In earlier experiments, Watt et al. (1993) observed mucilage to form connections between soil particles on drying and related the inability of a hydrophilic
Core Ideas
• During drying, mucilage is preferentially deposited in small pores.
• This microscopic heterogeneity critically affects macroscopic wettability.
• Infiltration is impeded when a critical fraction of pores is blocked by dry mucilage.
• Dry mucilage bridges are shaped like hollow cylinders connecting particles.
p. 2 of 9 dye (coomassie blue) to penetrate dry mucilage to its hydrophobic dry state. Similarly, Moradi et al. (2012) explained the high contact angle of a dry rhizosphere by the hydrophobicity of mucilage. The results of Ahmed et al. (2016) , which showed high contact angles of dry mucilage from the nodal roots of maize, support this hypothesis. However, Zickenrott et al. (2016) reported that there are significant differences in contact angles of root mucilages from different plant species, which makes the generalization of mucilage behavior in soils difficult. Zickenrott et al. (2016) showed that mucilage exuded from the seedlings of different species (Lupinus albus, Vicia faba L., and Triticum aestivum L.), and mucilage collected from the seminal roots of maize (Zea mays L.) led to an increase in the measured contact angle of sand with an increase in the dry amount of mucilage. In those experiments, they did not find the mucilage-sand mixture to become hydrophobic (contact angle >90°), but it cannot be excluded that at higher mucilage contents (defined as weight of dry mucilage per weight of dry soil) the mucilage-sand mixtures might become hydrophobic. Additionally, those researchers crushed the mucilage-sand packings and repacked them as two-dimensional layers, altering the microscopic distribution of mucilage in the pore space. This might have an impact on the wettability of the porous medium. Albalasmeh and Ghezzehei (2014) showed and modeled the preferential deposition of organic matter in the interparticle space. They tested their concept using polygalacturonic acid (PGA) and xanthan to mimic the deposition of plant mucilage and bacterial biofilms in drying soil. Using environmental scanning electron microscope imaging, they observed the transport of PGA toward the interparticle space as the water content progressively decreased. At a critical water content, the biofilm bridges cemented the particles together. This concept explains nicely a former observation that mucilage binds particles only on drying (Watt et al., 1993) .
In line with Albalasmeh and Ghezzehei (2014) , we conceptualized that when the soil dries, mucilage moves toward the interparticle space. At a critical concentration of mucilage in the liquid phase (mass of dry mucilage per volume of liquid), mucilage is deposited and forms connections between particles. At low mucilage contents only fine pores are affected by the presence of mucilage because deposition occurs when large pores are already drained.
With an increase in mucilage content, larger pores are also affected, and they might have a strong impact on the ability of water to infiltrate throughout the porous medium.
Our hypothesis is that the microscopic deposition of mucilage in the pore space affects soil wettability on a macroscopic scale. We expect that water repellency occurs when a sufficient fraction of the pore space is blocked. To test our hypothesis, we mixed different amounts of chia seed mucilage with particles of four grain size distributions and measured the contact angle of dry samples after 300 ms. We compared undisturbed samples in which mucilage was deposited in the pore space during drying with disturbed samples in which particles were repacked in two-dimensional layers with a rather random distribution of mucilage. The final state of mucilage deposition in dry soil was visualized by transmission light microscopy. Mucilage structures were analyzed in terms of their extent and compared for different mucilage contents in fine sand and glass beads of comparable grain size.
Conceptual Model
At high soil water contents, freshly exuded root mucilage (e.g., maize) behaves like a liquid except that its surface tension is lower than that of water and it is slightly more viscous (Read et al., 1999) . As the soil dries, liquid and hydrogels (like root mucilage) move from surfaces with positive curvature (soil particles) to ones with negative curvature, e.g., contact areas between adjacent particles (Brinker and Scherer, 1990) (Fig. 1a) . This causes the movement of water and mucilage toward this region. Upon further drying, the concentration (mass of dry mucilage per volume of liquid) and viscosity of mucilage increase. At a critical concentration, mucilage becomes so viscous that it can no longer flow as fast as water and it is deposited into bridges between soil particles (Albalasmeh and Ghezzehei, 2014; Carminati et al., 2017) . The extent of these bridges increases with mucilage amount. We hypothesized that when a critical fraction of the pore space is occupied by these bridges, water infiltration is impeded (Fig. 1b) .
The process of deposition is controlled by soil water content, pore size, and mucilage content. At low mucilage contents, the formation of bonds occurs only at a comparably low water content, when only fine pores are still water filled while large pores are already drained. At high mucilage contents, deposition and formation of solid mucilage structures occurs at higher water content, when the large pores have not yet been drained. In this case, a larger fraction of the pore space is occupied by mucilage. We expect that there is a critical mucilage content at which the fraction of pores occupied by mucilage is sufficient to impede the infiltration of water into the soil. At this critical point, the hydrophobicity of mucilage has the effect to induce soil water repellency on a macroscopic scale.
6 Materials and Methods
Mucilage Collection
As a root mucilage analog, we used mucilage extracted from chia seeds. The chemical composition of chia seed mucilage (primarily xylose, glucose, and uronic acids; Lin et al., 1994) and its physical properties are similar to those of mucilage exuded by lupin and maize roots as reported by Carminati and Vetterlein (2013) . Furthermore, it can be easily extracted in large quantities. A layer of mucilage forms around chia seeds after the seeds are immersed in deionized water (Lin et al., 1994) . To extract it, we mixed seeds at a gravimetric ratio of 1:10 with deionized water and stirred the mixture for 2 h. Then we filtered it through sieves of 0.5-and 0.2-mm mesh size by applying a suction of −800 hPa to separate seeds and gel.
Sample Preparation
Different amounts of chia mucilage were mixed with particles of various grain sizes to achieve different mucilage contents (weight of dry mucilage per weight of dry soil). We used washed quartz sand from a sand pit located near Duingen (Germany) and sieved it to achieve the following range of particle sizes and mucilage contents: coarsetextured sand (0.5-0.63-mm diameter; mucilage content 0.22-2 mg g −1 ), fine sand (0.125-0.2-mm diameter; 0.88-8.8 mg g −1 ), and silt (36-63-mm diameter; 3.3-19.1 mg g −1 ). We also used glass beads (0.1-0.2-mm diameter; mucilage content 0.82-3.3 mg g −1 ; SWARCO VESTGLAS GmbH). The range of contents of dry mucilage per weight of soil were selected according to preliminary tests performed according to the following methodology.
The wet weight of mucilage mixed with particles ranged from a minimum of one-third up to three times the weight of the particles to achieve the highest dry mucilage content in the finest particles (silt). Minimum weight was achieved by mixing mucilage with water and leaving it to fully swell in a closed container for 15 min. It was subsequently stirred for 3 min and mixed with particles of a given size. The weight of dry matter in fresh mucilage was derived by drying 200 g of wet mucilage at 60°C with ventilation for 96 h for each set of undisturbed and disturbed samples of a specific grain size. The ratio between the weight of dry and wet mucilage was 6 ± 0.5 mg g −1 .
For preparation of undisturbed samples, mucilage-soil mixtures were spread on glass slides and allowed to dry at 20°C for 48 h. In this way, the drying and deposition of mucilage in the pore space was mimicked. Note that in our model system the rhizosphere extended in a plane (on a glass slide) and drying occurred by evaporation rather than by root water uptake and drying of the surrounding bulk soil, which has a radial geometry. Samples were prepared in a way that their dry thickness was kept at 1.5 ± 0.1 mm so that drying was fast.
Parts of the same mixture were spread and let dry for 48 h at 20°C, then the mucilage-particle packings were gently crushed by hand to avoid breaking of particles and fixed to glass slides with doublesided tape according to the procedure described by Bachmann et al. (2000) .
It is important to mention that undisturbed and repacked samples had different thicknesses. The undisturbed samples were multilayered porous media with a three-dimensional geometry, while the repacked samples were composed of a single layer of grains taped to a glass slide in a quasi-two-dimensional setup. The latter method is a well-established technique that allows the measurement of contact angles for a broad range of wettabilities, from hydrophobicity to subcritical water repellency (Bachmann et al., 2000) . Comparison of the results obtained with these approaches is not straightforward but it provides important information, as discussed below.
Contact Angle Measurements
Contact angles were measured using the sessile drop method by placing 1-mL drops of deionized water with an automated syringe onto the sample surface. Contact angles were captured optically at the three-phase interface with a camera after the water drop was in contact with the sample surface for 300 ms (Drop Shape Analyzer DSA25S, Krüss GmbH). Water droplets of 2 mL were (b) At low mucilage content, the bridges are thin and can be bypassed by infiltrating water (left side), while at high mucilage content, bridges between particles are large and cover the inner pore cylinder, at which point the soil-mucilage mixture becomes water repellent.
p. 4 of 9 used for the coarse-textured sand samples (0.5-0.63-mm diameter). Concentrations with no apparent contact angle reading after 300 ms are discussed below. For each amount of mucilage and type of distribution, two slides were prepared and mean contact angles of 10 drops on each slide were captured.
It has to be mentioned that contact angle measurements on rough surfaces (like the multilayer packing of particles in the case of our undisturbed samples as well as the single layer of attached particles in the disturbed samples) do not allow clear identification of the exact origin of the contact line of the water-air interface on particle surfaces. The reported contact angle should be considered as an effective contact angle representative of a macroscopic wettability.
Transmission Light Microscopy Imaging
Images of the undisturbed samples were captured with a digital camera (Olympus SC50) attached to a transmission light microscope (Olympus BX40). The images shown are a selection to illustrate the structure of dry mucilage bridges in fine sand and glass beads. Images of glass beads were captured using unstained samples. Undisturbed samples of fine sand were stained to enhance the contrast and visualize the full extent of the dry mucilage structures. After having been air dried for 48 h at 20°C, these samples were stained by immersion in an ink (Tinte 4001, Pelikan)-water solution mixed at a gravimetric ratio of 1:2. In this way we took advantage of the ability of mucilage to swell and adsorb water, or in this case, an ink-water solution. Samples with a dry mucilage content of 2.8 mg g −1 were immersed for 5 min, then carefully rinsed with deionized water and dried for 48 h at 20°C. Samples with a dry mucilage content of 6.5 mg g −1 were immersed for 10 s and subsequently dried for 48 h at 20°C. Comparison of unstained and stained areas showed no visible deviation in dry mucilage structures (data not shown).
Quantification of Structural Extent of Mucilage Deposits
Radii of dry mucilage bridges in fine sand and glass beads were measured in situ by focusing through the upper two particle layers of undisturbed, unstained samples. The bridge radius was measured perpendicular to its longitudinal extension at mid-distance between pairs of connected particles. Bridges that exceeded the open pore space between neighboring particles were measured up to the contact line of the respective particles. We analyzed 10 random locations with a field of view of 0.75 by 0.56 mm in undisturbed samples with a mucilage content of 0.86 and 2.15 mg g −1 (glass beads, 0.1-0.2-mm diameter) and 2.8 and 6.5 mg g −1 (fine sand, 0.125-0.2-mm diameter).
Results

Contact Angle Measurements
The undisturbed samples showed a clear threshold-like behavior: below a critical mucilage content, the drop of water rapidly infiltrated within 300 ms (the highest mucilage content for which the drop infiltrated in <300 ms is indicated in Fig. 2a) ; above this critical mucilage content, infiltration into samples was impeded and a high contact angle was observed (Fig. 2a) . The critical mucilage content increased with decreasing particle size.
The measurements on the disturbed samples showed a smoother behavior, with a gradual increase in contact angles with increasing mucilage content (Fig. 2b) . The fact that the disturbed samples were made of a thin layer of soil particles arranged on a two-dimensional plane allowed measurements also of low contact angles (in the subcritical water repellency regime) (Bachmann et al., 2000) .
To better understand the effect of soil texture on the curves shown in Fig. 2 , we plotted the contact angles as a function of the weight of dry mucilage per solid surface area (Fig. 3) . To calculate the specific surface area (area of the solid surface per volume) of quartz sand and glass beads, we assumed a spherical shape of all particles. Figure 3 shows that approximately 0.01 mg cm −2 (interpolated) is needed to initially block water infiltration (contact angle ³ 90°) in glass beads of size 0.1 to 0.2 mm in diameter. Within the other grain sizes, the initial infiltration was impeded in a narrow range of 0.019 mg cm −2 (0.5-0.63 mm) to 0.03 mg cm −2 (0.125-0.2 mm), and 0.027 mg cm −2 (36-63 mm). Previous sessile drop method measurements conducted on glass slides covered with different amounts of mucilage per surface area followed a similar trend . The fact that sand particles are not perfect spheres might explain the greater amount of mucilage per surface area needed to impede the water drop infiltration compared with glass beads. As in Fig. 2b , the disturbed samples showed a gradual increase in contact angle for increasing mucilage amount per surface area. The slope of the curves is similar for all particle sizes. The slope is also similar to that of previous measurements of the contact angle of chia mucilage on glass slides .
Transmission Light Microscopy Imaging
Light microscopy images of glass beads and fine sand with various mucilage contents support the conceptual model illustrated in Fig.  1 . In undisturbed samples of fine sand, we observed that on drying, mucilage forms bridges connecting the soil particles. Images of fine sand (0.125-0.2 mm) mixed with varying amounts of mucilage are shown in Fig. 4 . At a low mucilage content, 2.8 mg g −1 , thin filaments connected the sand particles (Fig. 4a) . Isolated spots of mucilage are also visible in cracks and pits on the grain surface.
In samples with the same mucilage content, water drops placed on undisturbed samples infiltrated rapidly (<300 ms) (Fig. 2a) . Disturbed samples showed a contact angle of about 72° (Fig. 2b) . At a higher mucilage content (6.5 mg g −1 ), the bridges between particles expanded and occupied a large fraction of the pore space (Fig.  4b ). Covered spots on particle surfaces increased likewise. At this content (6.5 mg g −1 ), the mean contact angle of the undisturbed samples was >90° (107° at 6.2 mg g −1 ). Disturbed samples showed a mean contact angle of 91° for 6.2 mg g −1 .
Images of glass beads with a mucilage content of 0.86 mg g −1 (Fig. 4c ) and 2.15 mg g −1 (Fig. 4d) followed a similar trend. For low mucilage contents (0.86 mg g −1 ) thin bonds connect particles, leaving uncovered a large fraction of the beads' surface. The contact angle of undisturbed samples with the same mucilage content resulted in no reading after 300 ms due to rapid water infiltration, while disturbed samples showed a mean contact angle of 85°. At a mucilage content of 2.15 mg g −1 the bonds between glass beads expanded into the open pore space.
The mean initial contact angle of undisturbed and disturbed samples was 124 and 110°.
Quantification of the Structural Extent of Mucilage Deposits
The radius and number of mucilage bridges was measured in dry undisturbed samples for mucilage contents below and above the critical value (mucilage contents of 0.86 and 2.15 mg g −1 in glass beads and 2.8 and 6.5 mg g −1 in fine sand). The radius of Fig. 2 . Mean contact angle of (a) undisturbed and (b) disturbed dry mucilage-soil mixtures at various dry mucilage contents in sand and glass beads of different particle diameters. Contact angles (CAs) of undisturbed samples followed a threshold-like behavior with a sudden occurrence of apparent contact angles, while contact angles of disturbed samples increased gradually with mucilage content. Different particle sizes are indicated by different colors. Standard deviations are indicated by gray error bars.
the bridges increased with increasing mucilage content, while the number of bridges decreased with increasing mucilage content (Table 1) . We used R 3.3.1 to test for statistical differences between treatments (low and high mucilage contents in particles of a specific size). Because the data were not normally distributed, a Kruskal-Wallis test was applied with a level of significance of p < 0.05. Based on the Kruskal-Wallis test, the differences in radii between treatments for glass beads and for fine sand were significant (p < 0.05).
Discussion
The water repellency of sand particles and glass beads mixed with wet mucilage, packed, and then let dry showed a threshold-like behavior. Below a critical mucilage content, water drops infiltrated within 300 ms into the undisturbed samples. Above the critical mucilage content, the undisturbed samples turned water repellent. Our hypothesis was that this threshold-like behavior was related to the microscopic distribution of mucilage in the pore space. We hypothesized that below the critical mucilage content, mucilage bridges are thin and are bypassed by infiltrating water, while above the critical mucilage content, the mucilage bridges occupy a large fraction of the pore space, impeding the initial infiltration of water and making the samples water repellent. The microscopic images support this hypothesis.
The contact angle of the disturbed samples showed a different behavior. In the disturbed samples, the contact angle gradually increased with mucilage content. Surprisingly, the contact angle in the disturbed samples was not a function of the particle size. In fact, the relationship between contact angle and mucilage content (mass of dry mucilage per mass of dry soil) for the different quartz particles and glass beads fell on the same line, except for the fine sand, which had a slightly lower contact angle but the same slope (Fig. 2b) . This is different than the undisturbed samples, for which the critical mucilage content increased with particle size (Fig. 2a) . The fact that the amount of mucilage needed to induce water repellency increased with particle size is easily explainable. Coarse-textured media have a lower specific surface area (surface of the solid phase per volume), and less mucilage is needed to cover their surface. This was not the case in the disturbed samples. In the disturbed samples, mucilage structures were probably displaced from their original location and the contact angle of a single layer of particles was independent of the particle size. The fact that the contact angle of mucilage placed on glass slides plotted as a function of the mass of mucilage per solid surface has the same slope as in the disturbed samples (Fig. 3b) shows that the contact angle measurements in the disturbed samples provide an accurate estimation of the average contact angle caused by mucilage. However, such measurements are not representative of the water repellency in the undisturbed samples. The difference probably comes from the procedure of repacking the sand particles and glass beads in single layers placed on two-dimensional planes compared with the more realistic three-dimensional packing of the undisturbed samples.
Light microscopy images showed that mucilage was deposited in the contact region between grains. At low mucilage contents, mucilage formed thin filaments between particles. At higher mucilage contents, it formed extensive bridges that occupied a considerable fraction of the pore space. This was clearly visible in the packing of Table 1 . Mean dry mucilage bridge radii in glass beads and fine sand for mucilage contents in the mixture below and above the 300-ms infiltration threshold (in mg g −1 ). Differences in the distribution of bridge radii between different mucilage contents within the same particle size were significant (p < 0.05). Mean bridge radii increased and number of observed discrete structures (n) decreased with increasing mucilage content. glass beads. In the packing of sand particles, which are not smooth and have a certain degree of surface roughness, mucilage was also deposited in small cavities on the particle surfaces. We expect this effect to be closely related to the receding water front, which becomes disconnected due to surface irregularities. The local deposition of mucilage in isolated spots leads to a distribution of mucilage spread more throughout the pore space. On the contrary, smooth surfaces, like those of glass beads, cause a more preferential deposition of mucilage in the contact region between neighboring particles (Fig. 4) because the connectivity of the receding water front is more likely to be maintained during drying. This amplified preferential distribution on smooth surfaces explains the smaller amount of mucilage needed to impede the initial infiltration into samples of glass beads (2 mg g −1 ) compared with fine sand (4.4 mg g −1 ) (Fig. 2a) . In a medium with the texture of the smooth glass beads, mucilage is concentrated in the bottlenecks between particles which results in an amplified effect of dry hydrophobic mucilage. The more scattered distribution of mucilage on rough particles and the increased mucilage content needed to induce water repellency provide further evidence of the importance of the continuity of the receding wetting front in the mechanism of mucilage distribution in soil.
The effect of a preferential mucilage distribution and the threshold-like occurrence of water repellency can be understood following percolation theory (Stauffer, 1985) . Consider a network of pores either open or closed for water to flow. When a critical fraction of pores is blocked (at the percolation threshold), there is a 50% chance of open pores forming a connected cluster spanning from one side to the opposite side of the domain (Stauffer, 1985) . Following this concept, let us simplify the packing of particles as a network in which mucilage is randomly distributed in the nodes. Infiltration is impeded when a sufficient fraction of nodes is blocked by the mucilage. Close to the percolation threshold, a slight change in mucilage content can cause the sample to switch from wettable to water repellent. The variability of the contact angles is therefore expected to increase close to the percolation threshold. This effect is visible in the large standard deviation of the contact angle for fine sand at a mucilage content of 4.4 mg g −1 (the measured contact angle ranged from <60° to >120°, Fig. 2a ). For the other textures, a similar increase in variability is expected for amounts between the first achievable readings and the contents where no apparent contact angle was observed.
In the undisturbed samples, more mucilage was needed to induce the initial impedance of water infiltration in fine particles. This result confirms the studies of Kroener et al. (2015) , where the concept of percolation in relation to water repellency was introduced. This observation seems to contradict our concept that water repellency occurs when a critical fraction of the pore volume is occupied by mucilage. In fact, we might expect a similar pore volume in the fine and coarse textures we used. So, how can it be that more mucilage was needed to block the pore space of fine-textured soils? This apparent contradiction is explained by the geometry of the mucilage bridges. Microscopy images of broken mucilage bridges formed between glass beads of 1.7 to 2 mm in diameter revealed that these bridges were hollow structures (Fig. 5) . Based on this observation, the amount of mucilage needed to block one pore scales with the surface of the bridge, which in turn scales with the surface of the particles. Because the specific surface of soils scales as the inverse of the particle diameter, 1/d, it becomes clear that the amount of mucilage needed to trigger water repellency increases in fine-textured soils. This study is a first step toward a better understanding of porescale processes explaining the criticality of soil water repellency, as observed specifically in the rhizosphere (Carminati et al., 2010; Moradi et al., 2012) but also in a variety of soil types (e.g., Bachmann et al., 2007) . Those observations were made in more natural environments, which had a higher complexity than the simplified system we investigated. Our conceptual model is valid for mucilage with high viscosity and low surface tension (Carminati et al., 2017) , such as mucilage from chia seeds and maize roots, and should not be generalized to other mucilages and dissolved organic matter. However, it is likely that such substances, like mucilage, are also heterogeneously distributed in the pore space, and the effect of such microscopic distribution on macroscopic properties, such as water repellency, remains to be studied. In conclusion, our study highlights the importance of the pore-scale distribution of mucilage for understanding the macroscopic wettability of the rhizosphere, and it calls for a similar approach in soil water repellency research.
